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The Nimrod gene superfamily is an important component of the innate immune response. The
majority of its member genes are located in close proximity within the Drosophila melanogaster
genome and they lie in a larger conserved cluster (‘‘Nimrod cluster”), made up of non-related groups
(families, superfamilies) of genes. This cluster has been a part of the Arthropod genomes for about
300–350 million years. The available data suggest that the Nimrod cluster is a functional module of
the insect innate immune response.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.The Nimrod gene superfamily is a fundamental component of
the innate immune response. For many Nimrod proteins, participa-
tion in defense mechanisms through involvement in the phagocy-
tosis of either apoptotic cells, bacteria or both (see [1] for a
summary; [2–4]) has been demonstrated in various organisms.
Also, some Nimrod genes show up-regulation upon immune chal-
lenge of the Drosophila melanogaster in different in vivo and cell
culture experiments [5,6].
Most of the genes in the Nimrod superfamily are located in
close proximity on the 2nd chromosome of D. melanogaster and
this clustering was also observed in the genomes of Anopheles gam-
biae (Diptera) and Apis mellifera (Hymenoptera) [2]. The examina-
tion of several arthropod genomes (D. melanogaster and A.
gambiae (Diptera), Tribolium castaneum (Coleoptera), A. mellifera
(Hymenoptera), Pediculus humanus (Phthiraptera) and Daphnia pu-
lex (Cladocera)) revealed that these genes are part of a gene cluster
(hereafter ‘‘Nimrod cluster”) conserved throughout a broad time-
scale (Fig. 1A). The cluster is composed of members of the follow-
ing gene families: Centaurin gamma (CenG), Angiotensin
converting enzyme (Ance), Nimrod A (NimA), Nimrod B (NimB)chemical Societies. Published by E
emistry, Biological Research
1, H-6726 Temesvári krt. 62.
otond@gmail.com (B. Sipos),
Andó).and Nimrod C (NimC), and a yet uncharacterized group (most likely
a superfamily) of genes (hereafter ‘‘Vajk genes”) (Fig. 1A and SI Ta-
ble 1). According to a comparative analysis of 12 Drosophila gen-
omes [7] the region containing most of the genes of the Nimrod
cluster is part of one of the largest syntenic blocks.
Of the analyzed genomes, the genome of P. humanus is the most
distant from Drosophila where many properties of the complete
cluster are still evident. Notably, here only a single Draper-type
Nimrod gene (coding for a protein with a Draper-type domain
architecture) was identiﬁed in the cluster (nimrod A). This cluster
shows a composition which can be considered as an intermediate
between the holometabolous insects and other non-insect species
(Fig. 1A). In the latter genomes no Nimrod C or B genes were found.
This suggests that, in concordance with the previously described
hypothesis [1], a Draper-type gene may have been the ﬁrst mem-
ber of the superfamily and later local duplications followed by
divergence led to the other (Nimrod C and B) genes.
The genome of P. humanus is also the one most distant from D.
melanogaster where we were able to identify a Vajk gene. This sin-
gle Vajk gene, located within the intron of an Ance gene, might
indicate an upper bound for the time of appearance of that group
of genes (Fig. 1A).
Centaurin gamma seems to be a somewhat optional member of
the cluster. First, it is absent from the cluster in A. gambiae and
lacks any ortholog in A. mellifera. Second, although in most of the
sequenced Drosophila genomes the whole Nimrod cluster is intact
[7], in Drosophila yakuba and Drosophila mojavensis it does notlsevier B.V. All rights reserved.
Fig. 1. Genomic organization and some aspects of gene expression regulation in the neighbourhood of the Nimrod cluster. (A) Genomic organization in the various species.
Genes are schematically shown on simpliﬁed chromosomal maps, colour-coded as follows: Centaurin gamma (cenG; black), Ance (blue), Vajk (green), Draper-type (red),
Nimrod C-type (pink) and Nimrod B-type (orange). Other genes are shown in white. Only the genus names of the analyzed species are shown. In the case of Drosophila, the
gene names are also indicated. The names of the chromosomes/genomic segments are indicated above the maps. Genes located outside the cluster are shown on the right. To
emphasize the position of the Vajk genes, the large intron of ance-3 (and its orthologs) is represented. Note that the region containing one of the Tribolium clusters (on the Lg
Unknown 24) is not yet mapped to any chromosome, so its position according to the other clusters is unknown. The divergence times are based on [30]. (B) Some aspects of
gene expression regulation. The ﬁgure schematically represents a two megabase-long region around the Nimrod cluster (2L: 13490000-14490000 basepairs; 102 genes).
Rectangles in the ﬁrst lane represent the genes in their chromosomal order, colour-coded as in (A). Data presented in other lanes: conserved synthetic blocks across 12
Drosophila species [7]; clusters of co-expression [12]; clusters of genes with coordinated evolution in Drosophila species [13], overlapping merged windows obtained with
different window sizes were fused; Class I insulator sites [16], the sector between two consecutive insulators overlapping the Nimrod gene cluster is highlighted; Polycomb
protein binding domains [18]; and regions of Eve transcription factor binding-eve BRICK, the largest BRICK overlapping the cluster is shown [19].
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least two independent chromosomal breakages upstream of
ance-3.
The similar gene composition across distantly related arthropod
species indicates that the cluster remained mostly intact during
the last 300–350 million years.
We assessed the statistical signiﬁcance of clustering by using
the method of Raghupathy and Durand [8] – which also deals with
the presence of gene families – in pairwise tests of the A. gambiae,
A. mellifera and P. humanus clusters against the D. melanogaster
cluster. After correcting for the multiple comparisons by the
Holm’s method, all pairwise P-values were smaller than 0.001 (SI
Text 1).
The amount of time elapsed since the divergence of the most
distant species (Fig. 1A) makes the neutral explanation of the con-
servation less plausible, which qualiﬁes the cluster as a possibly
important evolutionary unit. While the overall composition (pres-
ence and order of the genes) seems to be well conserved, the actual
number and orientation of genes from individual gene families
vary widely. This again indicates that this clustering cannot be sim-
ply explained by neutral factors (e.g. a chromosome region with an
intrinsically low rate of rearrangements).
A need for close proximity of common elements in the regula-
tion of genes might drive the purifying selection maintaining the
integrity of a gene cluster [9–11]. Indeed, experimental data sug-
gest possible coordinated gene expression regulation acting in
the Nimrod region of D. melanogaster.In a comprehensive study Spellmann and Rubin analyzed tran-
scription proﬁles based on experiments performed in 88 different
conditions [12]. They identiﬁed groups of adjacent similarly
expressed genes in the fruitﬂy genome. According to this robust
dataset,manyof thegenes of theNimrodcluster appear tobe co-reg-
ulated (Fig. 1B). A subset of these co-regulated genes was also iden-
tiﬁed as a cluster of genes with coordinated evolution of gene
expression levels (Fig. 1B) in a study on closely related Drosophila
species [13]. These pieces of evidence clearly argue for the presence
of common elements in the regulation of the clustered genes.
Several authors (e.g. [9,12]) claim that regulation on chromatin
level might be responsible for gene clustering. Boundary elements
(insulators) are able toparticipate in theorganizationof the chroma-
tin structure by promoting the formation of functional domains on
the chromosome (for a review see [14]). Through inter-insulator
contacts, boundary elements can create chromatin loops and so pro-
vide the opportunity for concerted regulation inside this domain
[15]. Indeed, ‘‘Class I” insulators – identiﬁed by the binding of
BEAF-32, CP190, or CTCF in Drosophila embryos – act as chromatin
boundaries and separate differentially expressed genes [16]. In hu-
mans, chromosomal domains where the insulator protein CTCF is
depleted tend to contain clusters of coordinately regulated genes;
moreover, pairsof consecutiveCTCF-bindingsitesoftendelimit clus-
ters of functionally and/or phylogenetically related genes [17].
In the Nimrod region, a domain delimited by two sequential
Class I insulators [16] considerably overlaps with the Spellman-
Rubin co-expression block and the Mezey-cluster (Fig. 1B). The
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modulated by boundary elements – might also indicate similar
regulatory mechanisms operating on the corresponding genes.
Notably, in the Nimrod region experimentally deﬁned domains of
chromatin protein binding were identiﬁed in Drosophila studies,
performed on a cell line [18] or on embryos [19] (Fig. 1B). These
data support that chromatin-level processes are behind the com-
mon regulation in this region.
Co-regulation is often coupled to involvement of the con-
cerned genes in a common biological process [9,20]. Our entire
knowledge about the Nimrod superfamily unambiguously points
to a role of these genes in the innate immune response. Indeed,
immune genes were reported to tend to form clusters in the
D. melanogaster genome [21,22]. Based on these considerations,
we examined whether the other genes of the cluster fulﬁll im-
mune-related functions.
Ance (or ACE) genes encode proteases with broad substrate
speciﬁcity and have been found in a wide range of animals from
worms to vertebrates. In insects, they were described to have roles,
among others, in the immune defense (reviewed by [23]), sup-
ported, for example, by high ACE enzymatic activity measured in
the haemolymph of various Lepidoptera species [24] and in D. mel-
anogaster [25]. The expression of Ance genes is signiﬁcantly en-
hanced during immune response, as after stimulation by
bacterial lipopolysaccharide in Locusta migratoria [26] or following
a Wolbachia endosymbiotic infection in fruitﬂy [27]. In fruitﬂies
selected for resistance against a bacterial pathogen Pseudomonas
aeruginosa, the expression of ance-4 and ance-5 genes was signiﬁ-
cantly upregulated, similarly to many other Immune genes (includ-
ing some Nimrod genes, as nimrod C1 and eater) [6].
Orthologs of the Drosophila centaurin gamma (cenG) were iden-
tiﬁed in various organisms, like Caenorhabditis elegans, Ciona intes-
tinalis or humans (Flybase: http://ﬂybase.org). The CenG gene
encodes an intracellular multidomain protein, believed to be in-
volved in cellular signalling [28]. According to the only available
experimental evidence for CenG protein it was isolated from the
phagosomes of D. melanogaster cells [29], suggesting a role in
phagocytosis.
In D. melanogasterwe have found 3 Vajk genes (vajk-1,-2, and-3)
in the large intron of ance-3 (Fig. 1A) (and a fourth one at a differ-
ent genomic location: vajk-4), which encode proteins with similar
sequence properties (SI Fig. 1). The increased expression of vajk-2
and -3 upon bacterial infection of fruitﬂy larvae [5] provides exper-
imental support for the involvement of Vajk genes in the immune
defense.
The pieces of evidence listed above make appealing the hypoth-
esis that the Nimrod cluster is a functional module composed of
genes acting in the innate immune response. The long-term con-
servation indicates the importance of this unit, implying, that a
study of the individual genes and the elucidation of the putative
common process might contribute to our understanding of insect
defense mechanisms. Our observations on Nimrod cluster also
show that detailed analysis of selected conserved gene clusters
might be a promising way to identify novel functional units of var-
ious biological processes.
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